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ABSTRACT 13 

Given that informative and relevant feedback in the real world is often intertwined with distracting and 14 

irrelevant feedback, we asked how the relevancy of visual feedback impacts implicit sensorimotor 15 

adaptation. To tackle this question, we presented multiple cursors as visual feedback in a center-out 16 

reaching task and varied the task relevance of these cursors. In other words, participants were instructed 17 

to hit a target with a specific task-relevant cursor, while ignoring the other cursors. In Experiment 1, we 18 

found that reach aftereffects were attenuated by the mere presence of distracting cursors, compared to 19 

reach aftereffects in response to a single task-relevant cursor. The degree of attenuation did not depend on 20 

the position of the distracting cursors. In Experiment 2, we examined the interaction between task 21 

relevance and attention. Participants were asked to adapt to a task-relevant cursor/target pair, while 22 

ignoring the task-irrelevant cursor/target pair. Critically, we jittered the location of the relevant and 23 

irrelevant target in an uncorrelated manner, allowing us to index attention via how well participants 24 

tracked the position of target. We found that participants who were better at tracking the task-relevant 25 

target/cursor pair showed greater aftereffects, and interestingly, the same correlation applied to the task-26 

irrelevant target/cursor pair. Together, these results highlight a novel role of task relevancy on modulating 27 

implicit adaptation, perhaps by giving greater attention to informative sources of feedback, increasing the 28 

saliency of the sensory prediction error.  29 
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INTRODUCTION  34 

 Sensory feedback is continuously used to help keep that sensorimotor system calibrated, enabling 35 

the production of accurate movements despite ongoing changes to one’s body and environment. This 36 

adaptive recalibration process is thought to be driven in part or whole by sensory prediction error (SPE), 37 

the difference between the predicted and actual sensory feedback (Burge, Ernst, & Banks, 2008; 38 

Chaisanguanthum, Joshua, Medina, Bialek, & Lisberger, 2014; Kording, Tenenbaum, & Shadmehr, 2007; 39 

Mazzoni & Krakauer, 2006; Tsay, Haith, Ivry, & Kim, 2022; Wolpert, Ghahramani, & Jordan, 1995). In 40 

this paper, we examine what happens to sensorimotor adaptation when the sensory feedback is complex, 41 

ambiguous, and redundant. 42 

When performing goal-oriented movements in the real world, the visual field is cluttered, 43 

possibly obscuring the feedback of the movement (Burge et al., 2008; Körding & Wolpert, 2004; Tsay, 44 

Avraham, et al., 2021; Tsay, Kim, Parvin, Stover, & Ivry, 2021; Wei & Körding, 2010) or even the target 45 

itself (Meegan & Tipper, 1998). Furthermore, the motion of other visual objects may be sources of 46 

distraction or interference. How does the motor system determine which signal is relevant for evaluating 47 

the consequences of an action, and how is this process influenced by the presence of competing visual 48 

signals?  49 

Kasuga et al (2013) studied these questions using a center-out reaching task in which the 50 

participants could not see their moving arm, but had to rely on feedback provided by a moving cursor 51 

(Kasuga, Hirashima, & Nozaki, 2013). On most trials, a single cursor reflecting the participants true hand 52 

position was presented. Interleaved with these were perturbation trials. On some of the perturbation trials, 53 

the cursor was rotated relative to the true hand position by a variable angle, introducing a sensory 54 

prediction error. On other perturbation trials, there were two or three cursors, each following a different 55 

displaced trajectory. For example, one cursor might correspond to the true hand position with the other 56 

cursor(s) rotated by varying amounts; or all of the cursors might be rotated from the true hand position. 57 

Given that the number of cursors and their respective rotations was randomized across trials, implicit 58 

adaptation was measured by calculating the trial-by-trial change in hand angle. The results showed that 59 

the size of the trial-by-trial change could be modeled by taking the average predicted response to each of 60 

the individual cursors, albeit with a global attenuation in comparison to the single cursor condition. Thus, 61 

the response to two cursors, one at 0° (veridical feedback) and one rotated by 45° was similar to when 62 

there were two rotated cursors, one at 15° and one at 30°. The fact that there was adaptation even in the 63 

former case is especially surprising given that one cursor provided veridical feedback. The adaptation 64 

system did not appear to be preferentially sensitive to veridical feedback.  65 

One issue of note in the Kasuga study is that, from the participants’ perspective, it may be 66 

appropriate to produce a composite error signal from the individual cursors because all of the cursors 67 

were potentially of equal importance and relevance to the task. However, in a natural environment, there 68 

is likely to be one relevant source of feedback amongst irrelevant and potentially distracting sources of 69 

information. To better understand how feedback drives sensorimotor adaptation, it is important to know 70 

whether it is sensitive to the relevance of available feedback. In the context of online feedback control, 71 

Reichenbach et al. (2014) provided a compelling demonstration that the motor system was indeed 72 

sensitive to the relevancy of visual signals (Reichenbach, Franklin, Zatka-Haas, & Diedrichsen, 2014). 73 

Participants performed reaching movements in which the feedback display included one cursor linked to 74 

the true hand position as well as up to 4 distractor cursors that moved with a similar but predetermined, 75 

and thus non-contingent velocity profile. At some point during the movement, one of the cursors made an 76 

abrupt lateral shift. Rapid, online corrections to the perturbation were much stronger when the perturbed 77 

cursor was the one linked to the hand position, compared to when the perturbed cursor was one of the 78 

distractors. Similar effects of task relevance have been observed in force-field adaptation studies (Heald, 79 

Ingram, Flanagan, & Wolpert, 2018), suggesting that implicit processes required for both on-line 80 

corrections and sensorimotor adaptation are sensitive to the task-relevance of different feedback signals. 81 
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In contrast, other lines of research have highlighted how sensorimotor adaptation is seemingly 82 

impervious to feedback regarding task goals and outcomes (Held & Gottlieb, 1958; Welch, 1969). 83 

Consider the aiming landmark task, first introduced by Mazzoni and Krakauer, (2006). After being briefly 84 

exposed to a 45º visuomotor rotation, the participants were instructed to aim to a landmark positioned 45º 85 

in the opposite direction from the target. By implementing this strategy, the participants were essentially 86 

perfect after one trial, producing movements in which the rotated cursor hit the target. Nonetheless, over 87 

the next 100 trials or so, performance deteriorated, with the hand angle increasing even further away from 88 

the target (Taylor & Ivry, 2011). This paradoxical result arises because the adaptation system, impervious 89 

to the strategy, recalibrates the sensorimotor mapping to reduce the SPE, here defined as the difference 90 

between where the movement was directed (towards the landmark) and where the cursor appeared (at the 91 

target). Similarly, participants implicitly adapt to the movement of a cursor that follows an invariant 92 

spatial trajectory displaced from the target, even when they are fully aware of the manipulation and told to 93 

ignore it (Avraham, Morehead, Kim, & Ivry, 2021; Kim, Morehead, Parvin, Moazzezi, & Ivry, 2018; 94 

Morehead, Taylor, Parvin, & Ivry, 2017; Parvin, McDougle, Taylor, & Ivry, 2018; Tsay, Parvin, & Ivry, 95 

2020).  96 

Experiments such as these have led to the view that implicit adaptation is solely dependent on 97 

SPE, impervious to feedback concerning the task outcome (Kim, Parvin, & Ivry, 2019). The results from 98 

the multiple cursor study of Kasuga et al. (2013) would also be consistent with this hypothesis. However, 99 

as noted above, the cursors were, in a sense, all task-relevant. Here we employ a multiple cursor task 100 

similar to Kasuga et al., but with two key changes. First, rather than randomize the perturbation from 101 

trial-to-trial, we employed a fixed rotation throughout the training period and assessed adaptation in a 102 

subsequent block where feedback was withheld. Second, and most importantly, we varied the cursor 103 

configurations and instructions as a way to manipulate the task relevance of the different visual feedback 104 

signals. In this way, we sought to determine whether implicit adaptation is sensitive to the relevance of 105 

the feedback. 106 

 107 

METHODS 108 

PARTICIPANTS 109 

Undergraduate students (n = 64, 41 females, age = 20 ± 2 years) were recruited from the 110 

University of California, Berkeley community and financially compensated for their participation in the 111 

experiment. All participants were right handed, as assessed by the Edinburgh Handedness Inventory 112 

(Oldfield, 1971). The research protocol was approved by the UC Berkeley institutional review board. 113 

EXPERIMENTAL APPARATUS 114 

The participant was seated in front of a horizontally oriented computer monitor that was 115 

supported by a table frame. All hand movements were tracked on a digitizing tablet (53.2 cm x 30 cm, 116 

ASUS), positioned 27 cm below the monitor. The participant held a modified air hockey ‘paddle’ 117 

embedded with a digitizing stylus to make center-out reaching movements over the tablet surface in 118 

response to visual stimuli displayed on the monitor. The participant’s hand was occluded by the 119 

table/monitor, and the room was minimally lit to further preclude visual feedback of the arm. The latency 120 

between the movement of the digitizing stylus and the updating of the cursor position on the monitor was 121 

33 ms. The experimental code, controlling the visual display and acquisition of kinematic information 122 

was written in MATLAB (version 2016), using the Psychophysics toolbox extensions (Pelli, 1997). 123 

OVERVIEW OF THE REACHING TASK 124 

Participants performed 8 cm reaches to targets located around a central starting location. The start 125 

location was indicated by a 6 mm white annulus, and the target was a 6 mm blue circle. The visual 126 
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displays also included feedback cursors (3.5 mm white circles) that, depending on the condition, either 127 

corresponded to the participant’s hand position or were rotated around the start location at a fixed angle 128 

from the hand position.  129 

In all conditions, participants were instructed to produce rapid movements such that the task-130 

relevant designated cursor would ‘shoot’ through the target. Movement onset during the task was 131 

arbitrarily defined as the time at which movement amplitude reached 1 cm from the center of the start 132 

position. Movement time (MT) was defined as the duration from this point until the hand reached a radial 133 

distance of 8 cm, the target distance. Auditory feedback concerning MT was used to encourage 134 

participants to make relatively fast movements. For reaches shorter than 100 ms or longer than 300 ms, 135 

the messages ‘too fast’ or ‘too slow’ were played over the computer speaker. A neutral ‘knock’ sound was 136 

played if MT fell within the desired range. Across all trials, the median reaction time (RT) and MT were 137 

462 ms and 172 ms, respectively. The median total trial time (TTT), defined as the time from the start of 138 

one trial to the start of the next, was 3714 ms. One way ANOVAs revealed no differences between groups 139 

for RT (F(3, 44) = 0.448, p = 0.720), MT (F(3, 44) = 1.336, p = 0.275), or TTT (F(3, 44) = 0.245, p = 0.865). 140 

On trials with visual feedback, the cursor or cursors were visible until the movement amplitude 141 

reached 8 cm, whereupon the end point position was frozen for an additional 1 s. By freezing the cursors, 142 

the participant received additional endpoint feedback of performance accuracy. At the end of the feedback 143 

period, the cursors were turned off and the participant moved their hand back to the start position. To help 144 

the participant find the start position, veridical feedback was provided when their hand was within 1 cm 145 

of the start position. Once in the start position, the feedback cursor was turned off and the annulus filled, 146 

indicating that the participant should prepare for the next trial. The next target appeared once the 147 

participant remained within the starting position for 500 ms.  148 

EXPERIMENT 1 149 

Experiments 1a and 1b (n = 48, 12 per group) employed a similar design in which the participant 150 

completed a series of five blocks. The No Feedback Baseline block was composed of 24 reaches without 151 

visual feedback, one to each of 24 targets evenly spaced at 15º intervals (0º to 345º, with 0º corresponding 152 

to a rightward movement). This block was included to familiarize the participants with the experimental 153 

apparatus and with making movements in the desired time. The next block, Feedback Baseline, was 154 

composed of 10 cycles of reaches, with each cycle composed of one reach to each of the 24 target 155 

locations (240 trials). Veridical online feedback was provided by a feedback cursor aligned with the 156 

participants’ hand. Next was the Training block in which the specific experimental manipulations of the 157 

cursor feedback were introduced (detailed below). Targets were limited to three locations (30º, 150º, 158 

270º) with 80 cycles of 3-target sets (Training, 240 total trials). The 120º spacing was chosen to minimize 159 

generalization/interference of adaptation effects between the three training locations (Day, Roemmich, 160 

Taylor, & Bastian, 2016; Krakauer, Pine, Ghilardi, & Ghez, 2000). The Aftereffect block had one cycle of 161 

24 trials with participants reaching to each target without visual feedback, similar to No Feedback 162 

Baseline. At the start of this block, the participant was explicitly instructed to move their unseen hand 163 

directly to the target. The Washout block had the same structure but with veridical visual feedback (3 164 

cycles, or 72 trials). The Aftereffect and provided the critical data to test for aftereffects, indicative of 165 

implicit adaptation and generalization. In all blocks, the order of the target location was randomized 166 

within a cycle. 167 

EXPERIMENT 1a 168 

Experiment 1a was designed to examine the influence of distractor cursors on performance during 169 

a visuomotor rotation task. We compared performance between training conditions in which the display 170 

contained a single feedback cursor rotated 45º from the true hand position or when the display also 171 

contained two additional cursors, positioned +/- 45º relative to the single cursor (Fig 1D). 172 
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One Cursor group (n=12): A single feedback cursor was visible during the blocks with visual 173 

feedback. In the Feedback Baseline and Washout blocks, the cursor provided veridical feedback. At the 174 

start of the Training block, the participant was informed that the feedback cursor would no longer be 175 

veridical but would now be displaced by 45º relative to their hand position (counterbalanced clockwise or 176 

counterclockwise across participants). They were instructed that the task goal was to compensate for this 177 

rotation such that the rotated cursor would hit the target. The experimenter explained the effect of the 178 

rotation on the cursor and the new task by illustrating it on a whiteboard. Although it could be inferred 179 

from the instructions that they could re-aim 45º away from the target to achieve the goal, we did not 180 

explicitly instruct them to use such a strategy. By making the rotation explicit, we believed there would 181 

be less ambiguity in the Aftereffect and Washout blocks, in which we assess implicit adaptation by 182 

instructing participants to reach directly with their hand. Furthermore, since participants were informed 183 

about the rotation of the cursors in the Three Cursor group (below), this made the number of cursors the 184 

only difference between the two groups.  185 

Three Cursor group (n=12): Three feedback cursors were visible during each of the blocks with 186 

visual feedback, with the cursors separated by 45º. Each cursor had a unique color: green, orange, and 187 

purple (RGB values (/255) [7 210 0], [231 145 53], [234 0 238] respectively). All colors were 188 

approximately matched on luminance based on a ‘Hue Chrome Luminance’ color scheme, and the 189 

assignment of color to cursor was counterbalanced across participants. In the Feedback Baseline and 190 

Washout blocks, the participant was informed that the middle cursor would correspond to the true hand 191 

position and instructed to hit the target with that cursor, specified in terms of the cursor color, 192 

idiosyncratic for each participant. This cursor was flanked by the two distractor cursors, resulting in three 193 

cursors moving at -45º, 0º, 45º, relative to hand position (Figure 1). The participant was instructed to 194 

ignore the other two cursors. Thus, if the color assignment for the -45º, 0º, 45º cursors was green, orange, 195 

and purple respectively, then the participant was to hit the target with the orange cursor and ignore the 196 

green and purple cursors.  197 

During the Training block, all three cursors were rotated by 45º, such that the cursors now 198 

appeared at 0º, 45º, 90º (or 0º, -45º, -90º, counterbalanced across participants) relative to the true hand 199 

position. The participant was informed of the manipulation and instructed to hit the target with the middle 200 

cursor. Since the relative color assignment of the cursors remained the same, the instructions did not 201 

change. Using the color mapping example from above with a counterclockwise rotation, the participant’s 202 

goal was still to hit the target with the orange cursor (now rotated 45º from true hand position), while 203 

ignoring the green and purple cursors. With this arrangement, the purple cursor now ended up 204 

corresponding to the true hand position (0º) and the green cursor was rotated by 90º, relative to the hand. 205 

As such, if each cursor contributes equally to form a composite SPE (Kasuga et al., 2013), the net SPE in 206 

the Three Cursor condition is identical to that in the One Cursor condition. 207 

EXPERIMENT 1b 208 

As reported below, the inclusion of the two task-irrelevant distractors attenuated adaptation in the 209 

Three Cursor group, relative to the One Cursor group. Experiment 1b was designed to test two hypotheses 210 

that could account for this attenuation. The first hypothesis, “Error Averaging”, posits that adaptation is 211 

equally driven by SPE signals generated from all three cursors, but that their weightings add up to less 212 

than 1. Thus, the total amount of adaptation resulting from a 0º, 45º, and 90º would be less than from just 213 

one 45º cursor. The second, “Non-Specific”, hypothesis is that the presence of distractors dilutes the 214 

effects of adaptation in a general manner, and as such, the attenuation effect is not dependent on the 215 

particular path of the distractor cursors. To evaluate these hypotheses, we compared two, three-cursor 216 

variants in Experiment 1b, using the same trial structure as in Experiment 1a.  217 

In the Compensate group (n = 12), the visual feedback was not rotated during the Training block. 218 

Instead, the participants were instructed to hit the target with the 45º side cursor. For example, if the 219 

participant was in the clockwise group (again, counterbalanced across participants) and had the color 220 
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mapping shown in Figure 1D, they were instructed to hit the target with the green cursor. “Compensate” 221 

refers to the fact that, while the three cursors were not rotated relative to baseline, the instructions 222 

required participants to compensate for the angular offset of the task-relevant cursor. Note that as a result 223 

of this change in instructions, the angular offset of task-relevant cursor from the hand position (by 45º) is 224 

similar to the Three Cursor condition in Experiment 1a.  225 

In the Ignore Rotation group (n = 12), the three cursors were rotated by 45º in the Training block. 226 

However, unlike Experiment 1a, the task goal was changed for this block, with the participant instructed 227 

to hit the target with the outer cursor that was in the opposite direction of the rotation (e.g., for a 228 

counterclockwise rotation, the task-relevant cursor now became the cursor that was clockwise to the 229 

center cursor). As shown in Fig. 1D, the net effect of the rotation and change in instructions results in the 230 

task-relevant cursor corresponding to the position of the hand. “Ignore” here refers to the fact that 231 

participants can ignore the 45º rotation applied to the three cursors since the task-relevant cursor ends up 232 

being veridical with respect to the participant’s hand. 233 

In summary, the groups used in Experiment 1a and 1b match average and task-relevant sensory 234 

prediction errors across their conditions, offering a window into the unique contribution of these errors. 235 

Furthermore, with the exception of the Ignore condition, all groups were required to make a 45º change in 236 

reaching angle in the Training block to compensate for the perturbation, making reaching behavior very 237 

similar across these groups.  238 

 239 

 240 

 241 

 242 

 243 

 244 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 4, 2024. ; https://doi.org/10.1101/2022.01.19.476924doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.19.476924
http://creativecommons.org/licenses/by-nc/4.0/


 245 

Figure 1: Feedback configurations for the Three Cursor group in Experiment 1. A) In the baseline block, the middle cursor 246 
follows the veridical hand position, with two additional cursors rotated either +/- 45º on either side. Participants are told to reach 247 
directly to the target with the middle cursor. B) In the Training block, all the cursors are rotated by 45º, such that the middle 248 
cursor no longer corresponds to the true hand position. Participants are told to hit the target with the middle cursor and ignore the 249 
other two cursors. C) Target locations for Experiment 1. In the Training block, targets appeared in three locations (30º, 150º, 250 
270º). In all other blocks, targets appeared in 24 generalized locations (from 0º to 345º in 15º intervals). D) Experimental 251 
conditions for Experiment 1. Experiment 1a compares learning from one cursor versus three cursors, keeping average SPE and 252 
relevant SPE the same. Experiment 1b employs two additional multiple cursor conditions to understand how the distractor 253 
cursors affect implicit adaptation. In the Compensate group, the three cursors were not rotated during the Training block, but the 254 
relevant cursor changed. Participants were instructed to hit with an outer cursor (green cursor), thus making that cursor relevant. 255 

This change in relevancy decreases the average SPE (i.e., 0°) but keeps the relevant SPE the same (i.e., 45°) as the Three Cursor 256 

group. In the Ignore group, the cursors were rotated by 45° during the Training block. Participants were told to hit the target with 257 
the cursor that followed their veridical hand position (pink cursor). Thus, the relevant cursor has change but the average SPE 258 
remains the same as the Three Cursor group. 259 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 4, 2024. ; https://doi.org/10.1101/2022.01.19.476924doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.19.476924
http://creativecommons.org/licenses/by-nc/4.0/


 260 

EXPERIMENT 2 261 

Experiment 2 (n = 16) was designed to further investigate how adaptation is influenced by task-262 

relevant feedback in the context of redundantly controlled objects. Generalization in this experiment was 263 

assessed in one half of the workspace, with reaches limited to 13 target locations spaced every 15º (Fig. 264 

4C). To control for workspace-specific training artifacts (e.g., biomechanical biases), participants were 265 

assigned to reach in one of four areas of the workspace – Top (0°-180°), Left (90°-270°), Bottom (180°-266 

360°), or Right (270°-90°). In the No Feedback Baseline block, the participant made three reaches to each 267 

of the 13 targets without visual feedback. This was followed by the Feedback Baseline block, consisting 268 

of five reaches to the 13 targets with veridical feedback provided by a single cursor.  269 

In the Training block (200 trials, with a break at the midpoint), two targets were presented, 270 

positioned approximately +/-45° clockwise (see below) from the center of the participant’s workspace. 271 

Two cursors appeared during the reaching movement, one rotated clockwise (-45°) and the other 272 

counterclockwise (45°) from the true hand position. The participant was instructed that one target-cursor 273 

pair was task-relevant. For example, if the right target was task-relevant, then the participant’s goal was to 274 

hit this target with the cursor that was rotated in the clockwise direction. The participant was told to 275 

ignore the other target-cursor pair. The side of the task-relevant target was counterbalanced across 276 

participants. Note that by limiting the workspace to 180°, the instructions were stated in terms of a fixed 277 

direction (e.g., “hit the target on the right” or “hit the upper target”). Following the Training block, the 278 

participant completed an Aftereffect and Washout block (39 reaches each, three to each of 13 target 279 

locations). These blocks provided the data for assessing aftereffects and generalization. 280 

To verify that the participant was attempting to hit the task-relevant target, the location of each 281 

target was independently jittered from trial to trial. The size of the jitter was one of five values, -10º, -5º, 282 

0º, 5º, and 10º, and determined in a pseudorandom manner for each participant, such that each value was 283 

selected once every five trials. The overall order was pre-defined so that the correlation between the jitter 284 

for the two targets would be zero across the experiment. As a result of ensuring they were uncorrelated, 285 

the beta weights associated with each target were independent. By jittering the exact location of the target, 286 

we could perform a multiple regression, using each target as a predictor of hand angle. The beta weights 287 

obtained from this analysis indicate the participant’s sensitivity to the relevant and distractor target.  288 

DATA ANALYSIS 289 

No statistical analyses were performed beforehand to determine sample size. The chosen sample 290 

sizes were based on similar studies of visuomotor adaptation (Huang et al., 2011; Galea et al., 2015; 291 

Vaswani et al., 2015), as well as considerations for counterbalancing. Experiment 1 (n=12 per group, 48 292 

total) consisted of 2 participants for every cursor color combination (3) and direction (2, clockwise vs. 293 

counterclockwise). Experiment 2 (n= 16) had 2 participants in every possible counterbalanced 294 

configuration (4 workspaces x 2 directions). 295 

The primary dependent variable of interest for all experiments was the heading angle of the hand. 296 

This was defined as the signed angular difference between the position of the hand and the target angle at 297 

peak radial velocity. Trials in which the hand angle was more than 90º away from the target were 298 

excluded from the analysis (42 total, 0.15% of all trials over all participants). Excluding these trials did 299 

not affect the outcome of any statistical tests. The data were averaged across cycles (24 successive 300 

reaches; 1 reach to each target), and baseline subtracted to aid visualization. Baseline was defined as 301 

mean hand angle over the last 3 movement cycles of the baseline phase with veridical feedback. 302 

The degree of adaptation was quantified as the change in heading angle in the opposite direction 303 

of the rotation. We calculated heading angle during early adaptation, late adaption, and the aftereffect 304 

phase. Following previous studies (Kim et al., 2018; Tsay, Avraham, et al., 2021), early learning was 305 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 4, 2024. ; https://doi.org/10.1101/2022.01.19.476924doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.19.476924
http://creativecommons.org/licenses/by-nc/4.0/


defined as the mean hand angle over the cycles 3 – 7 to estimate the per trial rate of change during the 306 

Training block. (We also performed a secondary analysis using cycles 1–10 and obtained nearly identical 307 

results.). Late learning was defined as the mean hand angle over the last 10 cycles during the Training 308 

block. The aftereffect was operationalized as the mean hand angle over all cycles of the Aftereffect block. 309 

All analyses were conducted using custom scripts in Matlab (version 2016). Our experimental 310 

design for Experiments 1a and 1b aimed to determine if there were group differences across adaptation 311 

blocks (early adaptation, late adaptation, and aftereffect blocks). Accordingly, we performed two-tailed t-312 

tests to compare groups across these phases. We did not apply post-hoc corrections as our statistical tests 313 

were based on a priori hypotheses regarding expected group differences; nonetheless, the key results 314 

remain robust after applying Bonferroni corrections for the three comparisons. In Experiment 2, our 315 

design focused on the effect of target relevance. We quantified this by correlating heading angles with 316 

target angles; higher beta weights indicate greater attention to tracking the relevant/irrelevant jittered 317 

cursor/target location. The beta weights were evaluated with one-sample t-tests to determine if they 318 

differed from zero, and within-participant t-tests were used to compare beta weights across relevant and 319 

irrelevant targets. We report standard measures of effect size (Cohen's d for between-participant 320 

comparisons; Cohen's dz for within-participant comparisons). 321 

For the Gaussian fitting procedure in Experiments 1a and 1b, we used the 'fmincon' function in 322 

MATLAB. We first fit the group average generalization curves using a Gaussian function characterized 323 

by three free parameters subject to the following lower and upper bound constraints: standard deviation 324 

[0º, 100º], height [0º, 100º], and mean [-100º, 100º]. To obtain 95% confidence interval estimates for 325 

these parameters, we employed a bootstrapping procedure 1000 times. For each iteration, we resampled N 326 

participants, where N represents the total number of participants in the experiment, with replacement. We 327 

then calculated the average generalization function from this bootstrapped sample and derived the three 328 

free parameters by fitting the Gaussian function. 329 

For the Ignore group in Experiment 1b, we applied a cluster analysis approach to identify if there 330 

were any significant clusters during training where the hand deviated from 0 (Tsay et al., 2020). This step 331 

consisted of three steps. First, a t-test was performed for each cycle, asking if the observed hand angle 332 

diverged from zero. Second, clusters were defined as epochs in which the p value from the t-tests were 333 

less than 0.05 for at least two consecutive cycles. Third, to identify the probability of obtaining a cluster 334 

of consecutive cycles with significant p values, we performed a permutation test. In this, we created 1000 335 

permutations of the data with the cycles shuffled. For each shuffled permutation, we performed the first 336 

two steps described above to identify clusters and for those meeting this criterion, we calculated the sum 337 

of the t-scores over the significant cycles. Doing this for each of the 1000 permutations resulted in a 338 

distribution of t-scores. The proportion of random permutations which resulted in a t-score of equal or 339 

greater to that obtained from the data could therefore be directly interpreted as the p value.  340 

Applying the first two steps to the actual data, we identified only one cluster, and only of length 341 

two (training cycle 10 mean = 2.32º [1.29º, 3.35º], t(11) = 4.956, p = 4.315e-4, d = 1.431, and cycle 11 342 

mean =  1.58º [0.55º, 2.62º], t(11) = 3.362, p = 0.006, d = 0.971). The sum of t-scores for the two 343 

consecutive cycles (t = 8.318) was compared to the distribution generated by the permuted distribution, 344 

producing a p-value of 0.004. We therefore concluded that this cluster of cycles represented a significant 345 

deviation from 0, rather than being due to chance.  346 

DATA AND CODE AVAILABILITY STATEMENT 347 

Raw data and analysis code can be openly accessed at 348 

https://github.com/DariusParvin/Adaptation_Multiple_Cursor_Experiments.  349 

 350 

RESULTS 351 
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EXPERIMENT 1a 352 

 In Experiment 1, we examined the impact of task-irrelevant cursors on implicit adaptation. We 353 

first compared adaptation to displays consisting of either a single cursor (One Cursor group) or three 354 

cursors, separated by 45º (Three Cursor group, Fig 2). In both groups, participants were informed that, 355 

during the training block, the task-relevant cursor (single or middle) was rotated by 45º relative to their 356 

hand position, and that their task was to hit the target with this cursor. In the Three Cursor group, 357 

participants were also told that one of the distractor cursors would coincide with their veridical hand 358 

position but that they should ignore it and focus on the task-relevant cursor.   359 

Performance of the two groups during the Training block was compared to assess effects of the 360 

distractor cursors on overall learning. Both groups appeared to compensate for the perturbation at a 361 

similar rate and extent. There were no significant differences in early learning (cycles 3-7, One Cursor 362 

mean hand angle = 18.00º [9.90º, 26.10º], Three Cursor mean = 26.67º [17.23º, 36.12º], [t(22) = -1.535, p 363 

= 0.139, d = -0.626]), nor in late learning (last 10 cycles, One Cursor mean = 43.44º [41.27º, 45.62º], 364 

Three Cursor mean = 41.55º [40.14º, 42.96º], [t(22) = 1.608, p = 0.122, d = 0.656]). Previous studies have 365 

shown that implicit adaptation is typically limited to 10º-25º of learning (Bond & Taylor, 2015; Kim et 366 

al., 2018; Morehead et al., 2017; Tsay, Lee, Ivry, & Avraham, 2021). Given that the change in hand angle 367 

is much larger than this range and that the participants were explicitly informed of the manipulation, we 368 

assume there is a strategic (Tsay et al., 2023), aiming contribution to performance here. As such, the 369 

results indicate that the distractor cursors did not have an appreciable influence on the participants’ ability 370 

to adopt an aiming strategy to complement adaptation. 371 

To assess implicit adaptation, we included a block of trials after training in which the cursor was 372 

no longer presented (Aftereffect block), and participants were asked to forgo strategy use and aim directly 373 

to the target (i.e., “Move your hand straight to the target as fast and accurately as you can. Do not aim 374 

away from the target”). Both groups exhibited aftereffects at the trained target location. However, the 375 

magnitude of adaptation differed for the two groups: The One Cursor group had a significantly greater 376 

aftereffect than the Three Cursor group (One Cursor group = 18.10º [14.50º, 21.69º], Three Cursor group 377 

= 9.72º [6.48º, 12.96º], [t(22) = 3.808, p 9.622e-4, d = 1.555]).  378 

There are at least two reasons why the aftereffect would be larger in the One Cursor group. First, 379 

the difference could reflect that adaptation is attenuated by the inclusion of task-irrelevant distractors. 380 

Alternatively, there could be a group difference in the use of an aiming strategy. Assuming that the 381 

generalization function for adaptation is centered on the aiming location (Day et al., 2016), differences in 382 

strategy use could cause differences in measured adaptation at the training location on aftereffect trials.  383 

To evaluate these two hypotheses, we assessed generalization during the aftereffect block by 384 

measuring adaptation across a set of probe targets that spanned the workspace in 15º increments (Figure 385 

1C). The attenuation hypothesis predicts that the functions would be aligned but with a lower peak for the 386 

Three Cursor group; the aiming hypothesis predicts that the functions would be similar in amplitude but 387 

misaligned. The results were consistent with the attenuation hypothesis. While the generalization 388 

functions for both groups were shifted towards the presumed aiming direction of aiming, the peak of the 389 

generalization function was similar for the two groups. Based on parameters obtained when fitting a 390 

Gaussian curve to the group data, the peak of the generalization function was 7.7º [4.4, 10.9] and 9.0º 391 

[5.1, 12.8], with considerable overlap of the confidence intervals for the One Cursor and Three Cursor 392 

groups, respectively [mean, bootstrapped 95% CI]). In contrast, the heights of the peaks were different for 393 

the two groups (One Cursor: 18.8º [16.7, 20.8]; Three Cursor: 11.0º [9.3 12.2]). These findings suggest 394 

that the presence of the additional cursors attenuated the magnitude of implicit adaptation. 395 

Error Averaging vs Relevant error models of adaptation 396 
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We next asked how the inclusion of the distractor cursors in the Three Cursor group influenced 397 

adaptation. Specifically, we formulated two possible models to account for the attenuation.  398 

The Error Averaging model, inspired by Kasuga and colleagues (Kasuga et al., 2013), proposes 399 

that the error from each cursor is processed simultaneously and contributes towards learning (Equation 1). 400 

By this model, the attenuation effect for the Three Cursor group is reflected in a reduction in the learning 401 

term, Bt, relative to what it would be in the One Cursor case. Kasuga and colleagues observed a reduction 402 

of 0.57 for Bt in their three cursor conditions relative to the One Cursor condition. This value is consistent 403 

with our observed attenuation of 0.55 for the Three Cursor group in Experiment 1a (Three Cursor 404 

aftereffect divided by the One Cursor aftereffect).  405 

 406 
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3
 

Equation 1 

 407 

An alternative model, the Relevant Error model, proposes that implicit adaptation learns 408 

selectively from the relevant error, while the distractor cursors attenuate adaptation in a non-specific 409 

fashion. Thus, the directions of the distractor cursors have no bearing on the direction or magnitude of the 410 

aftereffect. The attenuation due to the presence of the two distractor cursors would also be manifest in a 411 

reduced Bt term, just as in the Error Averaging model (Equation 2). 412 

 413 

���� � � � �� � �� � ������	��     Equation 2 

 414 
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 415 

 416 

Figure 2. Experiment 1 Results. A) One Cursor and Three Cursor conditions in Experiment 1a. Middle:  Both groups learn and 417 
compensate for the rotation at the same rate during training. Right: After the Training block, participants were instructed to reach 418 
directly to the generalization targets; no feedback was provided. The peak location of the generalization curves did not 419 
significantly differ, but the peak amplitude was greater in the One Cursor group compared to the Three Cursor group. B) 420 
Compensate and Ignore conditions in Experiment 1b. Middle: No change in hand angle was observed in the Ignore group. Right: 421 
Significant aftereffects were only seen in the Compensate group. C) Direct comparison of the Three Cursor and Compensate 422 
groups. No significant differences were observed in either the training (middle) or aftereffect (right) periods. Thick lines denote 423 
group means. Shaded regions denote +/- SEM. 424 
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 425 

 426 

Figure 3. Results from the aftereffect block in Experiment 1. Three Cursor and Compensate groups have similar levels of 427 
aftereffects. Both groups also had significantly less than the One Cursor group, and significantly greater aftereffects than the 428 
Ignore group. Error bars denote +/- SEM. Dots denote individual mean aftereffects.  429 

 430 

EXPERIMENT 1b 431 

To compare these two models, we tested two additional groups in Experiment 1b. The difference between 432 

the two models is in their treatment of the distractor cursors. In the Error Averaging model, feedback 433 

information from each cursor is equally weighted to form a composite error signal, whereas in the 434 

Relevant Error model, only the feedback information from the task-relevant cursor is used to define the 435 

error signal. Given that Error Averaging and Relevant Error models make identical predictions for the 436 

Three Cursor group, we devised two, three-cursor variants that yield divergent predictions for the two 437 

models.  438 

In the Compensate group (Figure 2), the mapping between hand position and cursor is not 439 

changed in the Training block; that is, the cursor that provided veridical feedback during the initial 440 

Feedback block continues to provide veridical feedback in the Training block. However, the instructions 441 

change, with the task goal now requiring the participant to hit the target with the cursor that is offset 45º 442 

from the hand (45º clockwise or counterclockwise, counterbalanced across participants). To achieve this, 443 

the participant must move in the opposite direction (e.g., clockwise if the task goal is to his target with a 444 

counterclockwise cursor). While the required hand trajectory is the same as in the Three Cursor group, the 445 

set of errors is different. For the Compensate group, the sum is now 0º (-45º, 0º, 45º, relative to the hand 446 

direction). Thus, the Error Averaging model would predict no adaptation. In contrast, the Relevant Error 447 

model would predict the same amount of adaptation as observed with the Three Cursor group. Even 448 

though the errors from the distractor cursors are different between the Compensate and Three Cursor 449 

groups, both have a task-relevant cursor that is offset by 45º from the hand direction.  450 

Consistent with the Relevant Error prediction, participants in the Compensate group exhibited a 451 

robust aftereffect with Gaussian shaped generalization (mean at training location = 7.95º [5.26º, 10.63º]; 452 

one sample t-test against 0: t(11) = 6.510, p = 4.368e-5, d = 1.879). Furthermore, this group behaved 453 

similarly to the Three Cursor group during both the Training and Aftereffect blocks. There were no 454 

significant differences during the Training block in their early learning (mean and 95% CI, Three Cursor 455 
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= 26.67º [17.22º, 36.11º], Compensate = 32.09º [25.70º, 38.48º], [t(22) = -1.047, p = 0.306, d = -0.428]), 456 

nor in their late learning (mean and 95% CI, Three Cursor = 41.55º [40.14º, 42.96º], Compensate = 40.37º 457 

[38.34º, 42.40º], [t(22) = 1.053, p = 0.304, d = 0.430]). There were also no significant differences in their 458 

aftereffects at the training locations (Three Cursor mean = 9.72º  [6.48º, 12.96º], Compensate mean = 459 

7.95º [5.26º, 10.63º], t(22) = 0.925, p = 0.365). 460 

The Ignore group provided a second test of the models. Here, a rotation of all three cursors was 461 

introduced during the Training block, identical to that used for the Three Cursor group. However, the 462 

participants were instructed in this block to hit the target with the 0º cursor, the one that was now 463 

veridical with hand position. “Ignore” refers to the fact that the participant’s task was essentially to ignore 464 

the rotation by focusing on the (new) cursor that matched their hand position. The Error Averaging model 465 

predicts the same aftereffect as the Three Cursor group, since it is insensitive to the relevance of the error 466 

signals and the average error is again 45º (90º, 45º, 0º, relative to the hand direction). The Relevant Error 467 

model, on the other hand, predicts no aftereffect, since the hand direction and task-relevant cursor are 468 

aligned. Again, the results of the aftereffects conformed to the Relevant Error prediction. A t-test showed 469 

no significant aftereffect at the training location (mean = -0.45º [-1.66º, 0.75º]; one sample t-test against 470 

0: t(11) = -0.833, p = 0.423, d = -0.240).  471 

The training period of the Ignore group lent itself to testing another prediction of the Error 472 

Averaging hypothesis. If a composite SPE was present during the training trials, we should observe a 473 

‘drift’ away from the target, despite initial accurate performance (Mazzoni, 2006; Taylor and Ivry, 2011). 474 

A t-test against 0 produced a non-significant result (mean = 0.57º [-0.20º, 1.33º], t(11) = 1.635, p = 0.130, d 475 

= 0.472). We were worried, however, that this measure would not be sufficiently sensitive to capture what 476 

might be a transient effect (Taylor and Ivry, 2011). As a more sensitive alternative, we opted for a cluster 477 

analysis, assessing if there were any consecutive cycles with significant drift. This approach identified a 478 

significant cluster of two consecutive cycles (training cycles 10 and 11) in which the mean hand angle 479 

was greater than 0º (mean = 1.95º [1.09º, 2.81º], t(11) = 4.992, p = 4.076e-4, d = 1.441). While this small 480 

cluster is in the expected direction, it is very small and of shorter duration than that observed in previous 481 

studies (e.g., a 15º drift that lasts for about 80-100 trials, see Taylor & Ivry [2011]). Thus, if there was any 482 

implicit adaptation in the ignore group, it was very limited.  483 

Overall, the results rule out the Error Averaging model and are consistent with the Relevant Error 484 

model: Significant aftereffects were observed when the task-relevant cursor was offset 45º from the hand 485 

position during the Training block, either because we imposed a perturbation or altered the instructions. 486 

Moreover, the results from the Ignore group, as well as the similarities between the Compensate and the 487 

Three Cursor group, suggest there is minimal, or no specific influence from the distractor cursors. Rather, 488 

the presence of the distractors appears to have a non-specific attenuation effect on adaptation to the task-489 

relevant cursor.  490 

 491 

EXPERIMENT 2 492 

Although the results of Experiment 1 suggest that task relevance modulates adaptation, they are 493 

far from conclusive in this regard. Not only was there no imposed rotation for the Ignore group, just a 494 

change in the task-relevant color in the Training block, this group also did not have to aim away from the 495 

target (as in the Compensate group). To provide a more direct assessment of the contribution of task-496 

irrelevant information, we conducted a second experiment, using a design in which there were two targets 497 

positioned approximately 90º apart, and two associated cursors, one rotated 45º in the clockwise direction 498 

from the hand direction and the other rotated 45º in the counterclockwise direction (Figure 4A). One 499 

target/cursor was designated task-relevant, and the other was designated a distractor (i.e., task-irrelevant). 500 

Regardless of which was task-relevant, the movement required to hit the target was directed around the 501 

midpoint of the two targets, resulting in each cursor landing near its associated target. We measured the 502 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 4, 2024. ; https://doi.org/10.1101/2022.01.19.476924doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.19.476924
http://creativecommons.org/licenses/by-nc/4.0/


aftereffects around each target location to determine the degree of adaptation. We hypothesized that the 503 

task-relevant target may form the locus of generalization for implicit adaptation. Therefore, whether there 504 

is also an aftereffect around the distractor target was of primary interest.   505 

To verify that participants were following the instructions, we jittered the exact position of the 506 

targets (see Methods) and calculated the trial-by-trial hand angle relative to each target (Figure 4D). 507 

Using these time series, we then performed a multiple regression using the positions of the relevant and 508 

distractor targets on each trial to predict the hand angle. This analysis produced a beta weight for each 509 

target, quantifying how much the participant’s behavior reflected the tracking of each target (Figure 4E). 510 

We saw that greater weight was given to the task-relevant target in 15 of the 16 participants. The other 511 

participant appeared to not follow directions (beta weights were -0.14 and 0.09 for the relevant and 512 

distractor targets), and this person’s data were excluded from the remaining analyses.  513 

The mean beta weight for the task-relevant target was 0.76 [0.67, 0.84] and for the distractor 514 

target was 0.20 [0.09, 0.32]. These values were significantly different from one another (t(28) = 8.149, p = 515 

7.16e-9,  d = 2.975). Interestingly, the beta weight for the task distractor target was significantly greater 516 

than zero (t(14) = 3.675, p = 0.002, d = 0.949). Thus, while the participants followed the instruction to 517 

track the relevant target, the results indicate that the participants were not able to completely ignore the 518 

distractor target. One possibility is that the distractor target may have served as an additional visual 519 

reference for aiming.  520 

To assess adaptation, participants made reaching movements without feedback to an array of 521 

targets, spanning the workspace that encompassed the two positions of the targets during the training 522 

block. As in Experiment 1, the participants were instructed to reach directly towards each target. To 523 

analyze these data, we collapsed across the two groups (clockwise or counterclockwise rotation of the 524 

task-relevant cursor), displaying the data as though all participants were instructed to hit the clockwise 525 

target and ignore the counterclockwise target (Figure 4B). A significant aftereffect in the direction 526 

consistent with the rotation was observed around the task-relevant target location (mean 10.87º [6.48º, 527 

15.27º]; one sample t-test against 0: t(14) = 5.304, p = 1.114e-4 , d = 1.370). Interestingly, there was also a 528 

significant aftereffect at the distractor target location (mean -4.37º [-8.27º, -0.47º], t(14) = -2.406, p = 529 

0.031, d = -0.621). The negative aftereffect associated with the distractor target was consistent with the 530 

distractor cursor having the opposite rotation to the relevant cursor. When we directly compared the 531 

aftereffects across the two targets by flipping the sign of distractor cursor, aftereffects were marginally 532 

greater in the task-relevant target compared to the distractor cursor (t(14) = 2.00, p = 0.067) with a medium 533 

effect size (d = 0.51).  534 

The fact that we observed a small aftereffect around the distractor target location would seem at 535 

odds with the results of Experiment 1 where the effect of the distractor cursors was not dependent on their 536 

direction (e.g., non-specific attenuation). However, as shown in the beta weight analysis, the participants 537 

in Experiment 2 did not completely ignore the distractor target. To look at the relationship between 538 

tracking and adaptation, we examined the correlation between beta weights and magnitude of the 539 

aftereffect for both the relevant and distractor locations. To capture how much a participant weighted the 540 

relevant target over the distractor, we normalized the beta weights (beta weight for relevant target / sum 541 

of both beta weights) in these correlations. For the relevant location, the correlation was significant (r = 542 

0.67 p = 0.007), meaning that those who were most successful in tracking the relevant target had the 543 

largest aftereffect around that target’s associated location. We performed the same analysis for the 544 

distractor target. Since the distractor cursor had the opposite rotation, the predicted correlation would be 545 

negative. This analysis revealed a similar pattern, but the correlation was not significant (r = -0.30, p = 546 

0.274). We note that this analysis may be underpowered, given that the range both aftereffect and beta 547 

weights are narrower for the distractor location compared to the relevant location.  548 
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Figure 4. Results of Experiment 2. A) Feedback configuration for training trials. Two cursors appeared during the reach, rotated 550 
+/- 45º to the veridical hand position. B) Experimental task. Baseline and aftereffect trials had one-cursor feedback reaches to 551 
generalization targets. During training, one target/cursor pair was made task-relevant by instructing the participant to focus on 552 
hitting that target. By jittering the targets, we can assess how well the participant tracked the relevant target. C) Target locations, 553 
limited to one half of the workspace. Top:  Training target locations, centered +/- 45º from the midpoint of the workspace. The 554 
exact location of each target was independently jittered by one of 5 values. Bottom, 13 generalization targets spaced 15º apart. D) 555 
Trial by trial tracking behavior for distractor (green) and relevant (red) target/cursor pairs. E) Beta weights for the relevant target 556 
(red) are significantly greater than for the distractor target (green). Data are group mean +/- SEM with lines representing 557 
individual performance. F) Generalization functions. The magnitude of the aftereffect is larger around the relevant target location 558 
(red) compared to the irrelevant distractor location (green), although the latter is also significantly greater than zero. G) 559 
Correlation between beta weights and aftereffect for relevant and distractor targets. Significant correlation for the relevant target 560 
(red) shows that participants who were better at tracking also had larger aftereffects. Non-significant correlation for distractor 561 
target (green). Note that in Panels D and F, the data are transformed to graphically depict the relevant target at 45º for all 562 
participants.   563 
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DISCUSSION 564 

In this study, we asked how implicit adaptation, an important process for maintaining calibration 565 

within the sensorimotor system, is affected by the presence of multiple visual signals. Through our use of 566 

task instructions, we varied the information value of the signals, designating one cursor as task-relevant 567 

and the others as task-irrelevant. As expected, we found that adaptation was sensitive to the rotation of the 568 

task-relevant cursor. Moreover, as shown in Experiment 2, the degree to which participants tracked the 569 

target with the relevant cursor predicted the size of their aftereffect, pointing to a strong relationship 570 

between the task relevance assigned to the cursor and the amount of adaptation. Interestingly, implicit 571 

adaptation was attenuated by the presence of distracting feedback, but this effect seemed to be non-572 

specific: The presence of the distractor cursors reduced the magnitude of adaptation, but not the direction 573 

of adaptation. These findings highlight a novel role of task relevance for implicit adaptation. 574 

By presenting multiple cursors and manipulating their relevance, we were able to make sense of 575 

two seemingly contradictory findings in the sensorimotor adaptation literature. The results from several 576 

studies suggest the motor system is sensitive to the relevance of feedback (Heald et al., 2018; 577 

Reichenbach et al., 2014). In contrast, the results from other studies have shown that implicit adaptation is 578 

insensitive to task goals. For example, when only one cursor is presented, implicit adaptation will learn 579 

from the SPE, regardless of whether participants are explicitly told to ignore the visual feedback, or even 580 

when the response to that cursor is detrimental to performance (Mazzoni & Krakauer, 2006; Morehead et 581 

al., 2017; Taylor & Ivry, 2011; Taylor, Klemfuss, & Ivry, 2010). Our results suggest a hybrid position: 582 

When more than one source of visual motion feedback is present, the primary input to the adaptation 583 

system is the most relevant source of visual motion feedback. This selectivity constraint has been 584 

observed in studies of other implicit motor functions, such as the finding that online corrections are faster 585 

in response to perturbations of a task-relevant cursor (Reichenbach et al., 2014) or that separate force 586 

fields can be learned depending on what part of a virtual tool is deemed relevant (Heald et al., 2018). 587 

Although adaptation was sensitive to the relevance of the feedback, the overall attenuation of 588 

learning demonstrated that the selectivity was imperfect. The presence of multiple cursors had a similar 589 

attenuating effect in the present study as observed in Kasuga et al. (2013). Specifically, in both studies, 590 

adaptation was attenuated by about 45% when there were three cursors relative to a standard single cursor 591 

condition. This similarity is striking given that Kasuga used unpredictable rotations, interleaved the single 592 

and multi-cursor conditions, provided no instructions concerning relevance, and measured learning using 593 

a trial-by-trial, whereas we used a predictable rotation, blocked the conditions, instructed the participants 594 

to attend one one cursor, and measured learning in an aftereffect block. An attenuation of motor responses 595 

due to the presence of irrelevant feedback has also been observed for online corrections to cursor jumps 596 

(Reichenbach et al., 2014).  597 

The Relevance Model posits that the attenuation is non-specific; it could be that the irrelevant 598 

information diverts visual attention away from the relevant cursor, thereby reducing adaptation. 599 

Previously, Taylor and Thoroughman (2007) demonstrated that participants adapted less to perturbations 600 

in a force field reaching adaptation task when they were engaged in a secondary task designed to divide 601 

their attention (Taylor & Thoroughman, 2007). Given the similarity between the cursors, namely that all 602 

originated from the same start position and moved with the same spatiotemporal correlation, it is likely 603 

that the irrelevant cursors resulted in some degree of attentional diversion in our task (Folk, Remington, & 604 

Johnston, 1992). This attentional explanation is also relevant when considering why participants are 605 

sensitive to task-relevance in the presence of multiple sources of feedback yet are unable to ignore a 606 

single cursor when instructed to do so.  607 

However, the effect of visual distractors may be more nuanced than the non-specific attenuation 608 

we have posited. Specifically, in Experiment 1b, the visual distractors in the Ignore condition elicited 609 

negligible implicit adaptation, whereas in Experiment 2, the visual distractors elicited significant 610 

aftereffects around the irrelevant target locations. We attribute this discrepancy to at least two factors: 611 
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First, the presence of a veridical cursor and its associated target may modulate the degree to which the 612 

system adapts to irrelevant visual errors. In the Ignore condition of Experiment 1b, where both the 613 

veridical cursor and an aiming target are present, participants may fully attend to the veridical 614 

cursor/target pair, thus eliminating implicit adaptation in response to the irrelevant visual errors. In 615 

Experiment 2, when neither a veridical cursor nor aiming target are provided, participants may lack a 616 

clear referent for their actual hand position (Synofzik, Thier, Leube, Schlotterbeck, & Lindner, 2010; 617 

Tsay, Kim, et al., 2021; Tsay, Kim, Haith, & Ivry, 2022). Here the system may not be able to fully 618 

dismiss the irrelevant cursor/target pair, resulting in a modest degree of adaptation near the irrelevant 619 

cursor/target location.  620 

Second, the characteristics of the irrelevant visual errors may also modulate the degree to which 621 

this information is ignored. In Experiment 1b, the irrelevant visual errors were large and introduced 622 

abruptly. This may have led them to be easily deemed irrelevant, being outside the typical range of motor 623 

noise (Wei & Körding, 2009), and thus, not sufficient to elicit implicit adaptation. In contrast, in 624 

Experiment 2 the visual errors were small and were introduced more gradually, features that have made 625 

them be deemed as more relevant by the adaptation system (Ingram et al., 2000; Kagerer, Contreras-626 

Vidal, & Stelmach, 1997). Future studies are required to systematically examine the characteristics that 627 

influence how the nervous system evaluates error relevance, and in turn, how this perceived relevance 628 

impacts the extent of implicit adaptation (e.g., (Makino, Hayashi, & Nozaki, 2023)). 629 

Limitations and future directions 630 

A limitation of our study is that we did not control or monitor fixation. Since it is likely that 631 

participants directed their gaze at the relevant target (Neggers & Bekkering, 2000), one might argue that 632 

the dominance of the relevant cursor in driving adaptation could reflect the fact that distractor information 633 

is presented at more peripheral locations(s). We think that a fixation-based argument is unlikely to 634 

account for the effects observed here. First, the distractor cursors attenuated adaptation in all conditions, 635 

including in Experiment 2 where the relevant and distractor cursors were 90º apart. Thus, at least for the 636 

angular separations employed here, there is no obvious relationship between distance and attenuation. 637 

Second, prior work (Rand & Rentsch, 2015) has shown that magnitude of implicit adaptation is similar if 638 

participants are required to maintain fixation on the start position, target, or allowed to gaze freely. 639 

Although the present work makes clear that adaptation is impacted when operating in a complex 640 

environment, one that is more akin to our natural environments, the processing stage at which this 641 

interaction occurs is unclear. The present work suggests the operation of a selection process that 642 

constrains the sensory prediction error, with the strength of this signal attenuated in the presence of task-643 

irrelevant information. Alternatively, the presence of uncertainty may operate as some sort of gain on 644 

adaptation, either in terms of the strength of the sensory prediction or weight given to the sensory 645 

prediction error. An important question for future research is to elucidate the processes involved in the 646 

differential weighting of relevant and irrelevant sensory feedback, and specify how this information 647 

impacts adaptation.   648 
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